The thorium isotope ratio 232 Th/ 230 Th can be measured in seawater and sediment samples, and has been used as a proxy to reconstruct lithogenic fluxes to the oceans for the modern day and the Pleistocene. There has not yet been a systematic study testing the proxy using the 232 232 Th fluxes for the core-top sediment samples indicate a strong dependence on depth, with up to a factor of $4 difference from shallow (<600 m) to deep sites (>2900 m). This depth dependence is likely caused by either a deficit of 230 Th burial at depth compared to the production in the overlying water column, through addition of 232 Th, or by a combination of the two. By comparing seawater and sedimentary 232 Th/ 230 Th ratios we derive an apparent fractional solubility of 232 Th of 29 ± 3%, in reasonable agreement with the upper end of existing estimates.
INTRODUCTION
Aeolian dust is an important but poorly quantified part of the climate system. Dust affects the climate through interaction with radiation in the Earth's atmosphere and plays a part in the carbon cycle by delivering key micronutrients, such as iron, to the ocean Maher et al., 2010) . Knowledge of present day dust fluxes to the ocean comes from model simulations , direct observations (Lawrence and Neff, 2009 ) and geochemical data (Measures et al., 2008; Hsieh et al., 2011) . Model simulations provide a global picture of dust fluxes to the oceans (Niedermeier et al., 2014) , but rely on poorly constrained parameters such as the surface properties of the dust source regions, giving rise to uncertainties in simulated fluxes . Given the relative scarcity of direct observations (Kohfeld and Harrison, 2001) , geochemical proxy methods provide a means of testing and improving these models as well as our knowledge of dust fluxes .
A widely used method has been the measurement of Al concentrations in the dissolved phase in seawater e.g. (Measures et al., 2008) . This approach draws on the fact that the main supply of Al to the ocean is from continentally-derived lithogenic particles. In remote parts of the ocean, dust is the main source of continental material, and so dissolution of these grains leads to a measurable dissolved Al concentration that is correlated with expected dust input (Hydes, 1983) . However, a key difficulty in using dissolved Al to reconstruct dust fluxes is in calculating a local residence time (Hsieh et al., 2011) . A related geochemical method that allows for the calculation of a local residence time is the combined measurement of two isotopes of thorium:
232 Th and 230 Th (Hsieh et al., 2011; Hayes et al., 2013) .
Th-232 is a long lived (half-life = 1.4 Â 10 10 yrs; Holden, 1990) primordial nuclide that is found in the upper continental crust at a concentration of approximately 11 ppm (Taylor and McLennan, 1985) . As for Al, 232 Th is concentrated in the continental crust, so it can be used to trace lithogenic material with a continental origin. Dissolved 232 Th in seawater is therefore assumed to be derived from the dissolution of continental detritus in seawater (Hsieh et al., 2011; Hayes et al., 2013; Deng et al., 2014; Lopez et al., 2015) . Given that 232 Th provides a means of tracking the input of continental material to the ocean, the only other factor needed in order to calculate a flux of dust is a timescale for 232 Th addition. The shorter lived isotope 230 Th can be used to provide this timescale. Th-230 has a half life of 75,584 yrs (Cheng et al., 2013) , and is sourced from the radioactive decay of 234 U in seawater. Th-230 is scavenged rapidly onto sediment particles (although the adsorbed 230 Th is thought to maintain a reversible exchange with a pool of dissolved 230 Th; Bacon and Anderson, 1982) , meaning that 230 Th has a short oceanic residence time of up to $40 yrs (Anderson et al., 1983) . The residence time of 230 Th in seawater can be derived from measurements of 230 Th activity in seawater combined with the known production of 230 Th from 234 U (Broecker et al., 1973) . Making the assumption that 230 Th and 232 Th share the same residence time, the seawater dissolved 232 Th concentration can be combined with the 230 Th-derived residence time, to determine a flux of dissolved 232 Th. Combining dissolved flux estimates with estimates of the fractional solubility of 232 Th from continental material allows a total flux of 232 Th to be estimated (Hsieh et al., 2011; Hayes et al., 2013; Deng et al., 2014) . Estimates of solubility currently account for a significant source of uncertainty in studies that estimate total 232 Th flux from dissolved 232 Th fluxes (Hsieh et al., 2011; Hayes et al., 2013; Anderson et al., 2016) .
Both these isotopes of thorium have also been measured in sediments in order to estimate lithogenic fluxes in the past (Pourmand et al., 2004; Anderson et al., 2006; McGee et al., 2007; Winckler et al., 2008; Lam et al., 2013; Serno et al., 2014; Costa et al., 2016; Jacobel et al., 2016; Kienast et al., 2016; Williams et al., 2016) . In this scenario 232 Th measured in sediments is assumed to be sourced only from the input of continental detritus (Pourmand et al., 2004; Anderson et al., 2006; McGee et al., 2007) . Far from ocean margins it has been assumed that all 232 Th in the sediment (in both adsorbed and lattice-bound pools) is sourced from continental aeolian dust (Anderson et al., 2006; McGee et al., 2007; Hsieh et al., 2011; Hayes et al., 2013; Lopez et al., 2015) .
The two thorium based methods described above both make use of the constant input of the isotope 230 Th in order to calculate a timescale. Intense scavenging from the water column leads to efficient removal of 230 Th. If the flux of 230 Th to the sediment is assumed to be equal to the production flux of 230 Th in the overlying water column (b, $0.0267 dpm m À3 yr
À1
; Francois et al., 2004) , then the 230 Th xs activity concentration (in dpm g À1 ), where 'xs' denotes excess 230 Th that is not supported by 234 U decay in the sediment, is a function of the sediment flux to the seafloor. Therefore measurement of 230 Th xs in the sediment allows vertical mass fluxes at a given water depth (z, in metres) to be calculated (Eq. (1)). This method of calculating vertical sediment fluxes is termed ' 230 Th normalisation' (Francois et al., 2004) . Early studies used this method to calculate lithogenic fluxes in the Atlantic (Francois and Bacon, 1991 (2)). If the 232 Th concentration in lithogenic material is known, then an estimate of the lithogenic flux can be made (e.g. McGee et al., 2007) . Recently it has been suggested that a concentration of 14 ppm is appropriate for estimating dust fluxes using this method for most locations receiving fine-grained dust ), an adsorbed flux of 232 Th can also be calculated (Robinson et al., 2008; Eq. (3) ). This 'adsorbed' pool of thorium can be accessed by leaching sediments without dissolving the 232 Th bearing lithogenic phases (Robinson et al., 2008 
Determination of 232 Th and 230 Th in ocean sediments and seawater therefore has the potential to provide the basis for estimating fluxes of continental material (both in the past and in modern times). However, there has not yet been a study that combines measurements of 232 Th and 230 Th in core-top sediments with co-located seawater samples.
In this study, we assess the relationship between modern seawater and core-top sedimentary 232 Th/ 230 Th ratios in the tropical North Atlantic Ocean. This area is, in part, beneath the path of dust emitted from the largest dust source on Earth, the Sahara Desert (Goudie and Middleton, 2001; Cakmur et al., 2006 (Hsieh et al., 2011) .
STUDY AREA, SAMPLING STRATEGY AND SAMPLE COLLECTION
Core-top sediments were collected from five sites from the JC094 TROPICS (TRacing Oceanic Processes usIng Corals and Sediments) cruise aboard RRS James Cook during October and November 2013 ( Fig. 1 ; Robinson, 2014) . The sampling strategy exploited extremes in bathymetry to provide core-top sediment samples from 570 m to 4565 m. The five sampling locations are named based on their proximity to major bathymetric features (Fig. 1) . The 'Carter' and 'Knipovich' sites are seamounts in the eastern basin, 'Vema' makes up part of the Vema fracture zone on the mid-Atlantic ridge, whilst 'Vayda' and 'Gramberg' are two seamounts from the Researcher ridge in the western basin. The targeting of bathymetric highs spanning the Atlantic allows approximate sedimentary depth transects to be constructed at each location.
Short mega-core and remotely operated vehicle (ROV) push-core sampling equipment were used in order to ensure the best possible preservation of sediment core-tops. In one instance box-core apparatus was used to collect a core-top sample. Core samples were stored at 5°C. Radiocarbon ages for all core-top sediments (derived from planktonic foraminifera) indicate that they are between 1000 and 8870 yr BP, with an average age of $4300 yr BP (supplementary information).
Seawater samples ($5 L) were collected close to the core-top sample sites by Niskin bottles on the CTD rosette, the ROV, or mounted on the mega-core frame and were filtered through acropak (0.2 mm) filters into acid-cleaned plastic jerry cans, and acidified on the day of collection with 5 ml of concentrated ultrapure hydrochloric acid.
ANALYTICAL PROCEDURES

Sediment dissolution laboratory procedure
Aliquots of dried sediment ($0.5 g) were taken from the top 1 cm of each core and then mechanically homogenised using an agate mortar and pestle. Approximately 0.1 g aliquots of the homogenised sediment were weighed out and spiked with a mixed 236 U and 229 Th spike. The samples were dissolved in 7 ml 14 N HNO 3 , 3 ml 28 N HF and 2 ml 11.6 N HClO 4 . The samples were passed through columns containing 1.5 ml of an anion exchange resin (Eichrom 1-X8 100-200 mesh) in order to separate U and Th. The Th fraction was further purified through a second anion exchange column. Th separates were refluxed with HClO 4 and H 2 O 2 to eliminate organic matter, and the U separates were refluxed with H 2 O 2 only. Two procedural blanks were analysed with each batch of 8 samples.
Sediment leaching laboratory procedure
The leaching method used broadly followed that of Robinson et al. (2008) . Approximately 0.1 g of homogenised sediment (from the same aliquots used in the total dissolution procedure) from the Carter Seamount samples Fig. 1 . Map of JC094 sites where the samples of sediment and seawater for this study were collected. The sites are named based on their proximity to bathymetric features. The start and end points of the cruise are indicated (Tenerife and Trinidad respectively) as well as the MidAtlantic ridge (MAR). CR = Ceara rise, SLR = Sierra Leone rise (Francois et al., 1990) . Map created using Ocean Data View (Schlitzer, 2017) . were leached in 3 N HCl for 20 min with ultrasonication. The samples were then centrifuged, and the supernatant liquid was pipetted from the centrifuge tubes. The supernatant liquid was then weighed and spiked with both 236 U and 229 Th spikes. The samples were then passed through anion exchange resin as for the total dissolution procedure.
Seawater analysis
Seawater samples were spiked with 229 Th and 236 U and allowed to equilibrate before being precipitated with ammonium hydroxide at a pH of 7.5-8. The supernatant was removed using a peristaltic pump, the precipitate redissolved in concentrated hydrochloric acid, and the Th and U fractions seperated using anion exchange column chromatography. The methods for the separation of Th and U isotopes follow those set out by Auro et al. (2012) .
Mass spectrometric analysis
Mass spectrometry was carried out using a Thermo Scientific Neptune multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS; Auro et al., 2012; Chen et al., 2015) . A standard bracketing method was used in order to apply corrections for mass bias and ion counter yield; an in-house thorium standard (Th-SGS) and the uranium standard U-112a were used as bracketing standards. Sample uptake was through a CETAC Aridus desolvating nebulizer. Measurement at half masses (230.5, 229.5, 228.5) accounted for the tailing effect of 232 Th. The same procedure was applied to U measurements at half masses 234.5 and 233.5 to account for 238 U tailing. An exponential tail profile was assumed for interpolation between half masses (Hoffmann et al., 2007) . The size of the 232 Th tailing correction on the 230 Th beam was <2% of the 230 Th beam for nearly all samples (abundance sensitivity of $0.5 ppm of the 232 Th beam intensity at mass 230). The average sizes of full procedural blanks from three separate batches of total dissolution of sediment analyses (with approximate fractional size of blanks compared to the sample signal shown in parentheses) are: 29 ± 6.3 pg 232 Th ($0.015%), 4.3 ± 1.5 fg 230 Th ($0.054%), 70 ± 120 pg 238 U ($<0.5%), 42 ± 7.0 fg 234 U ($1.3%), (uncertainties are given as 2 standard errors from the mean). The uncertainty of the 238 U blank reflects the fact that one analysis had a much higher blank than the other two (but still <0.5% of sample signals).
Procedural blanks from the leaching procedure are 2.4 ± 0.63 pg 232 Th ($0.024%), 0.01 ± 0.027 fg 230 Th ($0.004%), and U blanks were negligible. The average procedural blanks from two separate seawater procedures are 6.8 ± 2.4 pg 232 Th ($1-5%, except for two samples with lower 232 Th concentration which are $10%) and 0.6 ± 0.5 fg 230 Th ($0.2-4%).
Carbonate content determination
Carbonate contents of the sediments were determined using a Carlo Erba NC2500 elemental analyser at the University of Liverpool. Small aliquots of sediment were analysed for total carbon, exposed to HCl fumes overnight in order to digest the carbonate fraction, and were then analysed for organic carbon. The carbonate content of the sediment was calculated from the difference between the total carbon and organic carbon. The aliquots of sediment were run in duplicate, with the average uncertainty of all 18 samples $±0.5% (based on 2 standard deviations from the mean; supplementary information).
Opal content determination
1414Biogenic opal analysis was carried out at the University of Bristol broadly following the procedures of Mortlock and Froelich (1989) . About 50 mg of mechanically homogenised dry sediment was exposed to 5 ml of 1 N HCl and 5 ml of 10% H 2 O 2 and agitated in an ultrasonic bath to remove carbonates and organics. Samples were centrifuged in deionised water and the supernatants removed, before drying of the residual sediment in an oven. The biogenic opal fraction was leached from the dry sediment by adding 40 ml 2 M Na 2 CO 3 and heating in a water bath at 80°C for 5 h. Duplicates of each sample were prepared by pipetting off two separate aliquots from the supernatant. Opal contents were determined using a Hach DR3900 spectrophotometer following the molybdate-blue spectrophotometry procedures and reagents recommended by the Hach Company. Prior to sample analysis, instrumental baseline was determined and internally corrected for by measuring a blank.
RESULTS
Filtered seawater 232 Th and 230 Th
Th-230 concentrations range from 4 to 15 fg kg
À1
( Fig. 2a ; supplementary information) in good agreement with previously reported nearby data (Moran et al., 2002) . Above $2500 m depth at Carter, Knipvoch and Vema, seawater 230 Th concentrations show an approximately linear increase with depth, but below $2500 m the rate of concentration increase in the Carter and Knipovich profiles decreases (Fig. 2a) . Th-230 concentrations from Vayda do not show any obvious trend with depth ( Fig. 2a) . Th-232 concentrations from all sites are in broad agreement with previous measurements at nearby stations (Moran et al., 2002) . Th-232 concentrations do not show any obvious overall trends with depth and range from 14 to 97 pg kg À1 ( Fig. 2b ; supplementary information). Seawater 232 Th/ 230 Th atomic ratios range from 3400 to 14500 ( Fig. 3 ; supplementary information), also in broad agreement with previously reported 232 Th/ 230 Th ratios from nearby stations (Moran et al., 2002) . In general, ratios decrease with depth and are higher at eastern sites compared to western sites across the range of depths sampled (Fig. 3 ).
Core-top sediment 232 Th and 230 Th
Sedimentary 230 Th xs concentrations increase with depth at all seamounts with a range of 1.1-12.6 dpm g À1 . Vayda seamount (in the west) shows the highest values at depth, whilst the concentrations across all stations converge at shallower depths (Fig. 2c ).
Th-232 concentrations in core-top sediments range from 0.80 to 5.9 mg g À1 and increase with depth at all seamount locations (Fig. 2d) . The magnitude of 232 Th concentration change with depth is a factor of 5 at the Carter seamount (in the East). The trends in 232 Th and 230 Th xs concentration with depth above about 3000 m are close to linear, but below 3000 m the rate of concentration change increases.
Total sediment digest 232 Th/ 230 Th xs atomic ratios for all seamounts range from 13,000 to 43,000 ( Fig. 3) . At all locations the ratios show an overall decrease from the shallowest to deepest sample sites. However, there is variation at intermediate depths notably at Carter and Vema which show a mid-depth minimum and a mid-depth maximum respectively. Generally, ratios are lower in the west and higher in the east.
Leached core-top sediment 232 Th/ 230 Th atomic ratios generally decrease with depth, with a range of 8600-25,700 (Fig. 3) . The leached ( 234 U/ 238 U) activity ratios (supplementary information) are close to the seawater value of 1.147 (Robinson et al., 2004) .
Carbonate and opal contents
The carbonate content ranges from 58 to 90%. The carbonate content typically decreases with depth, and the rate of carbonate change with depth increases at depths >3000 m (Fig. 4a) .
The opal content of the sediment ranges from 0.6 to 3.4%. The opal content of the sediments increases with depth and shows a strong negative correlation with carbonate content (R 2 = 0.91; supplementary information).
230 Th-normalised sedimentary fluxes
Calculated mass fluxes range from 8 to 22 g m À2 yr À1 (Fig. 4b) . Mass fluxes are variable down to 2000 m, and at greater depths mass fluxes then decrease with depth.
There is a broad trend of decreasing maximum mass flux from eastern to western sites. Carter (21W) Knipovich (26W) Vema (44W) Vayda (48W) Gramberg ( Th in sediment coretops. Where error bars are not visible they are smaller than the symbols used. The approximate longitude of each sampling location is given in the key. ( Fig. 4c ). An increase in 232 Th flux with depth is seen at each sample site, ranging in magnitude from a factor of $4.3 at Vema to a factor of $1.2 at Gramberg. The increase at Carter Seamount is a factor of $3.6 over the entire depth transect, and $1.4 between 2719 and 4565 m. At depths >$2000 m a broad trend in 232 Th fluxes can be seen between sample locations, with higher fluxes in the east (e.g. Carter and Knipovich) and lower fluxes in the west (Vayda and Gramberg; Fig. 4c (Moran et al., 2002; Robinson et al., 2008; Hsieh et al., 2011; Deng et al., 2014) . At four sites the 230 Th in seawater increases with depth, consistent with reversible scavenging (Bacon and Anderson, 1982) . The departure from linear increases in 230 Th concentration below $2500 m recorded Th-normalised detrital fluxes. Error bars give 2 standard deviations from the mean, and represent the analytical uncertainty. SLR (= Sierra Leone rise) and CR (= Ceara rise) are data from Francois et al. (1990) , from samples at the shallowest possible core depths (<3.5 cm from the core-top) all with model ages of <2 kyr (Francois et al., 1990) . at Carter, Knipovich and Vema is consistent with previous observations in the Atlantic (Marchal et al., 2007) . This feature may be explained by ventilation of deep waters (Moran et al., 2002; Marchal et al., 2007; Hayes et al., 2015a) , enhanced scavenging in deep waters due to a bottom scavenging effect (Okubo et al., 2012) , or potentially by vertical variations in the rates of adsorption versus desorption (Lerner et al., 2016 ). An exception to this typical profile is seen at Vayda, where the 230 Th (and 232 Th) concentration in seawater decreases at mid-depth. Given the deviation from the expected profiles of both isotopes and the location of the Vayda site relatively close to the mid-Atlantic ridge, the presence of a hydrothermal plume could offer an explanation for the profile seen at this site. This interpretation is supported by previous studies demonstrating the likelihood of a number of undiscovered hydrothermal vents on the ridge (Beaulieu et al., 2015) and that hydrothermal plumes strongly scavenge thorium in the North Atlantic (Hayes et al., 2015b) . The profiles of 232 Th in seawater are broadly consistent with a surface source of 232 Th (i.e. dust) followed by a reversible scavenging behaviour. The exact profile would depend on the relative rates of particle sinking, adsorption and desorption (Lerner et al., 2016 Th is expected to be the same as that of the dissolved thorium in the water column (Robinson et al., 2008) . The 232 Th/ 230 Th ratios of leached sediment samples from Carter show a positive correlation with co-located seawater samples (R 2 = 0.81), but with systematically slightly higher values (Fig. 3) . However, the leached 232 Th/ 230 Th ratios correlate even more strongly with those of the total sediment digestions (R 2 = 0.86). This correlation and the elevated leachate ratios (relative to the seawater ratios) are most simply explained by the release of some lattice bound 232 Th that is accessed by the leaching procedure. Although Robinson et al. (2008) showed little change in 232 Th/ 230 Th when leaching in HCl ranging in concentration from 0.1 to 6 N, the liberation of extra 232 Th by 3 N HCl does provide a plausible explanation for the elevated leached ratios presented here.
5.2.
230 Th-normalised flux trends with location
Mass fluxes at depths $500-2000 m do not show any coherent spatial trends, however for samples at depths below $2000 m there is a broad pattern of higher 230 Th-normalised mass fluxes in the east compared to the west (Fig. 4b) . Although subtle, this gradient is consistent with higher biological productivity in the east (as indicated by chlorophyll concentrations in surface waters, Wang et al., 2013) .
Continental material to the low-latitude Atlantic is expected to be supplied from Saharan dust (Ridley et al., 2012) , with higher continental inputs generally expected at sites in the east (e.g. Mahowald et al., 2005) . Indeed, increasing seawater 232 Th/ 230 Th ratios at sites underlying the Saharan dust plume have previously been identified from a latitudinal transect at approximately 30°W (Hsieh et al., 2011) . With scavenging of all of the 230 Th produced in-situ to the sediment we would expect the 232 Th/ 230 Th ratios (and 232 Th fluxes) to be higher in the east than the west. As with the 230 Th-normalised mass fluxes, we do observe a broad east to west trend in maximum 232 Th fluxes (Fig. 4c) . At our sites, seasonal variations in dust deposition may also play a role in controlling the spatial patterns of dust flux recorded. For example, Carter and Knipovich lie under the approximate latitude of the winter dust plume, whereas Vayda and Gramberg (further north) lie in the range of summer dust and Vema could receive dust from both summer and winter dust plumes (Eglinton et al., 2002) . In addition, it is possible that sites close to the basin margins may receive some direct contribution of lithogenic material from the continents (Francois and Bacon, 1991) . However, even with these potential complications, we do see an overall decrease in 232 Th/ 230 Th ratios and 232 Th fluxes moving from sites in the east to the west, both in seawater and in the sediment, broadly in line with the expected trend from Saharan dust inputs (Fig. 3) .
230 Th-normalised flux trends with depth
With the complete scavenging of all the 230 Th produced by in-situ decay of dissolved 234 U and no dissolution of sediment, the vertical mass fluxes at any given location should be the same, independent of water depth. However, the dissolution of carbonate material (De Villiers, 2005) leads to a reduction in the preserved vertical mass flux with increasing water depth, a feature that is most obvious at water depths greater than 2000 m (Francois et al., 1990; Henderson and Anderson, 2003; Francois et al., 2004; Fig. 4b) .
A more surprising result was the increase in 232 Th fluxes with depth. Given the prevailing view that in remote parts of the ocean, dust addition at the surface is the dominant mechanism that delivers 232 Th to the seafloor, our observation of large increases in apparent 232 Th fluxes with water depth at all locations sampled in this study is unexpected. No clear trends in 232 Th flux with sample age are recognised, and the exclusion of 232 Th flux data from samples >$5 ka does not alter the overall trends of 232 Th flux with depth rendering an age bias unlikely (Fig. S1 ). Leached 232 Th fluxes were also calculated to investigate whether the trend of increasing flux with depth extends to the adsorbed fraction of 232 Th. There is a significant increase in adsorbed flux with depth, but the smaller magnitude of this change, in comparison to total 232 Th fluxes, suggests that the adsorbed fraction is less affected by the processes that produce the apparent increases in total 232 Th flux (Supplementary Fig. S2 ). The proportion of 232 Th that is in the absorbed phase can also be estimated ( Supplementary  Fig. S2 ). Applying the method outlined by Hsieh et al. (2011) to our seawater data indicates dissolved fluxes of 232 Th increasing by a factor of about 2 from shallow to deep (Supplementary Information). The elevated dissolved 232 Th fluxes at depth could imply an additional source of dissolved 232 Th at depth. For example, continued dissolution of dust settling through the water column, dissolution of re-suspended sediment from the seamount, or alternatively lateral advection of high 232 Th bearing waters from the distant continental margins (Roy-Barman, 2009; Hayes et al., 2013) . However, the trend of increasing 232 Th flux pervades the adsorbed, dissolved and lattice bound pools of 232 Th, so a mechanism that can explain all of these observations is required.
Our observation of increasing 232 Th fluxes with depth is not unique. For example, increasing dissolved 232 Th fluxes with depth (from seawater) have previously been noted in the North Pacific (Hayes et al., 2013) , and a previous study that reconstructed terrestrial fluxes into the tropical Atlantic using 230 Th-nomalisation also recorded increases in 232 Th and mass fluxes with depth at the Sierra Leone Rise and Ceara Rise (Francois and Bacon, 1991 ; Fig. 4) . The 232 Th fluxes at the Ceara Rise are elevated compared to the highest values presented in this study, which is most likely explained by the proximity of the Ceara Rise to the South American continent and the Amazon River (Francois and Bacon, 1991) . Francois and Bacon pointed towards the greatest increases in terrestrial fluxes with depth during the last deglacial period to the midHolocene. They suggested that variations in the exposure of continental shelves during periods of low sea-level could have led to more continental material being delivered to the shelf edge from rivers such as the Amazon. They also suggested that resuspension of the slope sediments by western boundary currents could have led to increased fluxes of terrigenous material at depths >2800 m. Recent studies in the Atlantic do find some evidence for nepheloid layers at the ocean margins (Hayes et al., 2015a; Lam et al., 2015) , but there is no clear evidence that they are consistent basinwide features at the present day that could explain our observations. If 232 Th fluxes accurately reflect continental inputs, they imply that greater than a factor of three times more continental material is supplied to the deep ocean compared to the shallow ocean at Carter Seamount, and over a factor of four at Vema. 
Sediment transport
The redistribution of sediment on the seafloor is one of the drivers for the application of 230 Th normalisation to calculate vertical mass fluxes, as many sites are subject to significant lateral winnowing or focussing of sediment at the seafloor (Francois et al., 2004; Marcantonio et al., 2014) . Sediment deposited at seamounts and other bathymetric features on the seafloor may be subject to downslope redistribution driven by gravity (Stanley and Taylor, 1977) . Indeed, the potential importance of internal tides for re-suspending sediment on seamounts with specific slope criticality has been recognised (Peine et al., 2009) , and could provide a potential mechanism for the redistribution of sediment after deposition. In addition the presence of pronounced benthic nepheloid layers has been identified in parts of the Atlantic, highlighting the re-suspension and potential movement of fine sediments (McCave, 1986; Lam et al., 2015 Th would have to be a systematic process at each seamount and across a large depth range. For this mechanism to be a viable explanation, it is required that the adsorbed 230 Th on the sediment that is transported down slope does not re-equilibrate with the surrounding water. Francois et al. (1990) modelled this process, concluding that downslope transport could lead to an over-estimate in 230 Th-normalised mass fluxes of $10% at depth. However, other studies have concluded that focused sediment can indeed re-equilibrate with dissolved 230 Th at the water depth at which the sediment is re-deposited (Thomson et al., 1993 (Thomson et al., , 1999 (Thomson et al., , 2006 . If re-equilibration does occur relatively rapidly (Bacon and Anderson, 1982; Thomson et al., 2006; Thomas et al., 2006) , then a relatively fast mode of transport, such as a mass flow, would be required to cause the observed trends in 232 Th fluxes (i.e. faster than the re-equilibration timescale of Th).
A second transport mechanism may relate to the preferential movement of fine-grained sediment. Fine-grained sediments can be winnowed or focussed, depending on the sedimentary setting. It has been shown that finegrained sediment accounts for a disproportionate amount of adsorbed 230 Th xs , and can be winnowed away, leading to potential biases in recorded 230 Th-normalised fluxes of sedimentary constituents in the coarse residual fraction (Kretschmer et al., 2010; McGee et al., 2010; Marcantonio et al., 2014) . A consequence of such winnowing would be that the calculated 230 Th-normalised mass fluxes at our sample sites are in fact overestimated (Marcantonio et al., 2014) . Recent studies argue that where terrestrial material is also dominantly in the fine fraction, fluxes of this component should not be biased by winnowing (Marcantonio et al., 2014; Costa and McManus, 2017) , and so this mechanism for increasing apparent 230 Th-normalised 232 Th fluxes seems unlikely.
Indeed, it has been shown that 232 Th is also enriched in the fine fraction of lithogenic sediments (Kretschmer et al., 2010; McGee et al., 2016) . The potential for this mechanism to cause the observed changes in 232 Th/ 230 Th ratio would depend on one isotope being substantially more enriched than the other in the fine fraction.
It is not clear from the isotope data whether physical transport of sediment could cause the apparent increase in 232 Th flux with depth. The 230 Th-normalised detrital fluxes calculated using the residual mass of sediment, after removing carbonate, organic carbon and opal, also increase with depth ( Fig. 4d ; Francois et al., 1990; Francois and Bacon, 1991) . However, the magnitude of detrital flux increases is $15-40% lower than the 232 Th flux increases. This result suggests that addition of 232 Th-rich material (e.g. fine sediment associated with nepheloid layers) may be a viable mechanism to increase 232 Th/ 230 Th ratios at depth. The average concentration of 232 Th in the detrital material from the samples is 12.1 ± 0.9 mg g À1 (2 S.E.; supplementary data), lower than the 14 ± 1 mg g À1 value recommended by McGee et al. (2016) for dust flux reconstructions at locations distal to the source. The McGee et al. concentration is based on the <5 mm size fraction of dust, which typically has a higher concentration of 232 Th than the larger size fractions (e.g. Castillo et al., 2008) . The presence of any lithogenic material >5 mm could lead to the lower concentration of 232 Th in our samples. This is plausible for at least some of our sample sites given that sediment traps close to the Carter site have recorded mean spherical equivalent grain sizes of up to 17 mm (Ratmeyer et al., 1999) .
Alternatively, the higher than expected 232 Th fluxes at depth could point towards limitations in assumptions associated with 230 Th normalisation, rather than the systematics of lattice-bound 232 Th, as discussed in the following sections.
Advection of
230 Th and 232 Th in the water column The 230 Th-normalisation method relies on the assumption that the scavenged flux of 230 Th is equal to the production flux of 230 Th from the decay of 234 U in the water column (calculated using the uranium activity concentration and water depth). However, if 230 Th is advected away from the deep Atlantic (Moran et al., 2002; Hayes et al., 2015a) , then this assumption may become compromised (Henderson et al., 1999) . Advection of 230 Th has been demonstrated in the deep Atlantic by Moran et al. (2002) . However, Deng et al. (2014) show that even relatively large changes in the concentration of dissolved 230 Th of up to 50% in the South Atlantic (imposed by enhanced bottom scavenging) lead to changes in the flux of 230 Th to the underlying sediment of less than 0.1%.
Far from other sources of lithogenic material such as rivers, the dissolved stock of 232 Th in the water column is generally thought to be controlled by the addition of windblown dust to the ocean (Hsieh et al., 2011; Singh et al., 2013; Hayes et al., 2013; Okubo et al., 2013; Deng et al., 2014; Hayes et al., 2015c; Lopez et al., 2015) . However, other studies have highlighted the importance of riverine sources of continental material, and the possible transport of slope sediments in nepheloid layers (Francois and Bacon, 1991) . In places, elevated seawater 232 Th concentrations, in the North Atlantic for example, are thought to be due to the presence of specific water masses, implying that advection of 232 Th can control 232 Th profiles (Hsieh et al., 2011) . Indeed, it has been suggested, through the use of modelling, that dissolved 232 Th in the water column can be influenced by the advection of water masses from continental margins (Roy-Barman, 2009). Our results from seawater samples indicate that windblown dust probably does have a control on the dissolved concentration of 232 Th. However, we cannot be sure that the entire inventory of 232 Th in the water column is derived entirely from the surface addition of dust and one-dimensional vertical sinking. Indeed, in an area subject to strong lateral advection such as the Atlantic 232 Th could be advected as has been shown for 230 Th (Moran et al., 2002) . Unfortunately, the lack of clear systematic trends with depth in our dissolved 232 Th data make the identification of these processes difficult. With the advent of higher resolution data such as those from the GEOTRACES programme (e.g. Hayes et al., 2015a) , the roles played by these processes may become clearer.
Carbonate dissolution and
230 Th loss With post depositional carbonate dissolution (e.g. De Villiers, 2005) , we expect the activity concentration of 230 Th in the sediment to increase, with a preserved 230 Thnormalised mass flux decreasing accordingly (if 230 Th is re-adsorbed entirely to the remaining sediment after dissolution; Henderson and Anderson, 2003; Francois et al., 2004) . However, if some (or all) of the 230 Th associated with the dissolving sediment is not re-adsorbed to the remaining sediment, and there is minimal 232 Th in the carbonate, then dissolution may provide a mechanism that could change sedimentary 232 Th/ 230 Th ratios with depth. In this scenario the concentration of 230 Th will be reduced compared to complete re-adsorption, and the preserved 230 Th-normalised mass flux will be larger than the case where all of the 230 Th is retained. To test this idea we compare the extent of CaCO 3 dissolution (as also investigated by Francois et al., 1990) with the change in 232 Th and mass fluxes with depth. We use data from 2000 to >4000 m water depth at Carter, Knipovich and Vayda Seamounts which have the best resolved depth transects and clear trends in mass flux and 232 Th flux with depth. We can calculate F, the proportion of the sediment remaining after dissolution at a depth >4000 m, assuming that the sediment is a binary mixture of non-dissolving lithogenic sediment and CaCO 3 and using a reference carbonate concentration in the depth interval between $2000 and 3000 m (supplementary information). This model assumes that changes in carbonate content are due to the dissolution of carbonate, rather than the addition of lithogenic material (i.e. that focussing is not occurring at the sites). F is 32%, 49% and 45% at the three sites Carter, Knipovich and Vayda respectively. We can then compare these F values to the change in preserved 230 Th-normalised mass flux over the same depth interval (supplementary information). The calculated deficit in 230 Th that is required to explain the observed trends in 230 Th-normalised fluxes may be a result of advection, sediment redistribution or a combination of all of the processes acting together, rather than only sediment dissolution. The size of the 230 Th deficit must increase with depth in order to explain trends in 232 Th fluxes, so sediment dissolution is a mechanism that could drive at least part of the trend, and is a process with a well-defined depth dependence. In addition, if 230 Th is indeed lost from the sediment upon carbonate dissolution and does not re-adsorb back to the sediment, there must exist some mechanism which removes this 230 Th. Given previous observations in the Atlantic, lateral advection of 230 Th seems a plausible mechanism (Moran et al., 2002; Marchal et al., 2007; Hayes et al., 2015a) . A steady state scenario would require this laterally advected 230 Th to be scavenged elsewhere, for example in areas with enhanced local scavenging such as nepheloid layers or mid-ocean ridges (e.g. Hayes et al., 2015b) .
The use of
230 Th-normalised 232 Th fluxes to estimate continental input Despite the variation of apparent 232 Th fluxes with depth that we have identified, and the uncertainties associated with such a variation, 230 Th-normalised 232 Th fluxes may still represent a useful tool in determining continental fluxes to the sediment Kienast et al., 2016) . This is made clear when placed in the context of other techniques that are available in order to estimate dust fluxes, such as models. These other techniques can have uncertainties on the order of a factor of 10 and have not satisfactorily reproduced observational data for the modern day (Evan et al., 2014) . Calculated 232 Th fluxes for sediments at depths <1500 m are scattered and do not show a recognisable trend with distance from the source of continental material (Fig. 4c) . Therefore these samples cannot be considered to be accurately reproducing the trend of modern dust input. Sediment samples at the greatest depths may have been subjected to the greatest degree of the processes discussed above, such as carbonate dissolution. We propose, therefore, that samples from the depth interval $1500-3000 m can give the best estimate of representative 232 Th fluxes to the sediment in our study area (and therefore also represent our best estimate of continental input), as summarised in Fig. 6 . Given the processes affecting sedimentary 232 Th/ 230 Th from seasonal variations in the dust plume to thorium advection, sediment redistribution and diagenesis, we would not expect a linear trend of 232 Th fluxes from east to west. However, using this approach we do see an east to west decrease in 232 Th flux of a factor of $0.5. The average dissolved 232 Th flux reconstructed from seawater reveals a similar change (a factor of $0.7), although the absolute 232 Th flux in the dissolved phase is approximately a factor of 4 lower (Fig. 6 ). This decrease in 232 Th flux is of the same order of magnitude to that presented by Anderson et al. (2016) for a set of cores $10°to the north (averaging a factor of $0.8 decrease from east to west when excluding data that lie closer to the continent than our samples). Data from previous studies show good agreement with the range of 232 Th fluxes calculated in this study at Sierra Leone Rise and the central tropical Atlantic (Fig. 6 ; Francois and Bacon, 1991; core VM20-234, Williams et al., 2016) . The longitudinal transect of sedimentary 232 Th fluxes presented by Anderson et al. (2016) are on average $32% higher in the east and $46% lower in the west than the 1500-3000 m fluxes of our transect. Differences in the latitude of the transects may contribute to some of the disparity. At Ceara Rise the values of 232 Th flux are considerably elevated above those found at a similar longitude from this study (Vema site), likely as a result of lithogenic sediment input to Ceara Rise from the Amazon River (Francois and Bacon, 1991; Fig. 6 ).
Apparent fractional solubility of 232 Th
Estimates of 232 Th solubility represent a large uncertainty in calculating detrital fluxes from seawater 232 Th/ 230 -Th ratios (Hsieh et al., 2011; Anderson et al., 2016) . Estimates of this solubility may also be important in relation to the release of other trace metals from detrital material in seawater (Hayes et al., 2015c; Anderson et al., 2016) . Our seawater 232 Th/ 230 Th ratios paired with sedimentary ratios from the nearest sample sites can be used to derive an apparent fractional solubility of 232 Th from dust, with the caveat that if not all dissolved 232 Th is derived from the dissolution of dust added at the surface, then the solubility will be overestimated by a degree that is dependent on the amount of advected 232 Th (Fig. 7) 
Our results indicate that the apparent fractional solubility of 232 Th from continental material is not systematically dependent on depth at any of the sample locations (Fig. 7) . The calculated solubilities range from 18 to 67%, with an average solubility of 33%. Of the solubilities calculated, 14 out of 17 values lie in the relatively narrow range 18-35% ( Fig. 7; supplementary information) . These estimates are generally consistent with some of the upper estimates of 232 Th solubility made by previous studies. Hayes et al. (2013) make model-based estimates of 232 Th solubility up to 40%, although they prefer an estimate closer to 20% based on the refractory nature of Th. Okubo et al. (2013) measure the solubility of 232 Th from atmospherically deposited aerosol samples to be $20% and ArraesMescoff et al. (2001) measure the percentage dissolution of 232 Th from particles to be up to $13%. A recent study from the North Atlantic estimates the likely range of thorium solubilities at depths of 100 m to lie between 14 and 28% (Hayes et al., 2017) , a range that agrees with the majority of our estimates (Fig. 7) . Hayes et al. (2017) also calculate higher solubilities between 31 and 63% at depths up to 500 m, but conclude that these estimates may be influenced by water masses bearing a 232 Th signature carried from elsewhere. These higher estimates still lie within the solubility range estimated in this study.
It is possible that because seawater samples were collected close to the ocean floor that the dissolution of any re-suspended sediments could lead to elevated 232 Th concentrations in the seawater samples, and therefore bias the estimate of solubility, however the relatively narrow range of solubilities from various locations and depths would argue against this process being dominant. It is also possible, given the relatively large core-top ages of some of our sediments, that the seawater-sediment comparison results in comparison of thorium signals with different ages, and so the estimates of solubility could be dependent on changes in 232 Th fluxes with time. The average value of apparent solubility from this study of 29 ± 3% (2 s.e., n = 15, excluding the two outliers circled in Fig. 7) , could be used as a general estimate of 232 Th solubility for studies that require such a value to extrapolate total 232 Th fluxes and detrital fluxes from dissolved 232 Th fluxes (e.g. Hsieh et al., 2011; Hayes et al., 2013; Deng et al., 2014) . This value is slightly higher than the range suggested by Hayes et al. (2013) of 20 ± 5%, and may be more appropriate as our study utilizes co-located samples to estimate solubility .
CONCLUSIONS
Both seawater and sedimentary 232 Th/ 230 Th ratios show a broad decreasing trend moving west away from the African continent towards South America, consistent with expected overall dust deposition patterns in the tropical North Atlantic. However, the large depth dependence of sedimentary 232 Th fluxes observed at all five of our sample locations suggests an additional degree of complexity associated with the interpretation of 230 Th-normalised 232 Th fluxes. The mechanism that leads to increased 232 Th fluxes at depth remains uncertain, and may be due to geochemical processes (such as the loss of 230 Th upon carbonate dissolution), physical processes (e.g. advection by deep waters or sediment redistribution), or a combination of processes. Further study of 232 Th fluxes with depth in seawater, particles and sediment phases at other locations are required to further investigate these mechanisms. The combined use of other geochemical proxies for lithogenic inputs which may not be sensitive to the processes described above (such as 4 He/ 3 He) may help to disentangle some of the possible mechanisms acting. Notwithstanding this depth dependence, we propose that 232 Th fluxes measured in sediment in the depth interval between $1500 and 3000 m provide the best estimate of representative 232 Th fluxes at our sample sites. By combining measurements of 232 Th/ 230 Th in seawater and core-top sediments we have been able to derive an apparent fractional solubility of 232 Th of 29 ± 3%, in reasonable agreement with the upper end of existing estimates.
